Study objectives: Shortened or mistimed sleep affects metabolic homeostasis, which may in part be mediated by dysregulation of endogenous circadian clocks. In this study, we assessed the contribution of sleep disruption to metabolic dysregulation by analysing diurnal transcriptome regulation in metabolic tissues of mice subjected to a sleep restriction (SR) paradigm. Methods: Male mice were subjected to 2 × 5 days of SR with enforced waking during the first 6 hours of the light phase. SR and control mice were sacrificed at different time points of the day and RNA preparations from the mediobasal hypothalamus (MBH), liver, and epididymal white adipose tissue (eWAT) were subjected to whole-genome microarray hybridization. Transcriptional rhythms were associated with changes in behavioral and physiological parameters such as sleep, body temperature, and food intake. Rhythm detection was performed with CircWave and transcription profiles were compared by 2-way analysis of variance and t-tests with Benjamini-Hochberg corrections. Results: Clock gene rhythms were blunted in all tissues, while transcriptome regulation was associated with either clock gene expression, sleep patterns, or food intake in a tissue-specific manner. Clock gene expression was associated with apoptosis pathways in the MBH and with tumor necrosis factor alpha signalling in liver. Food intake-associated genes included cilium movement genes in the MBH and lipid metabolism-associated transcripts in liver. Conclusions: In mice, repeated SR profoundly alters behavioral and molecular diurnal rhythms, disrupting essential signalling pathways in MBH, liver, and eWAT, which may underlie the metabolic and cognitive disturbances observed in sleep-restricted humans such as shift workers.
INTRODUCTION
There is mounting evidence suggesting that the endogenous circadian clock might be involved in regulating the adverse effects of sleep disruption on physiology and cognition. 1, 2 The circadian clock network orchestrates all physiological processes of the body and aligns them with external time. The mammalian circadian timing system consists of numerous clocks in all major organs and tissues, which are synchronized with each other and with external time. 3, 4 The master clock in the suprachiasmatic nucleus (SCN) is important to maintain circadian synchrony within the network of clocks. [4] [5] [6] [7] Circadian desynchrony-either internally, ie, between different tissues and cells within the body, or externally, ie, between internal and external time-can result in serious health problems such as metabolic syndrome, cancer, or cognitive impairments. [8] [9] [10] It has been suggested that sleep disruption may lead to circadian desynchrony, which might be the cause for the health problems observed during shift work. 2, 11 On the molecular level, the circadian clock consists of a complex network of interlocked transcriptional translational feedback loops, with so-called clock genes at the core. These clock genes regulate numerous downstream transcripts, which differ in each tissue and mediate circadian regulation of all major cellular and physiological pathways. 3, 12 In order to be of adaptive value, circadian clocks must be synchronized to external time via so-called Zeitgebers (time givers, eg, synchronizing stimuli). The main synchronizing stimulus in mammals is light, but also activity (eg, sleep-wake cycle), body temperature, and food intake are important synchronizers for circadian clocks. 4, [13] [14] [15] [16] Interestingly, it appears that circadian clocks in different tissues are differentially sensitive to different Zeitgebers. 4, 7, 16, 17 Metabolic organs like liver and adipose tissue, for example, are more affected by changes in food intake, while brain clocks like the SCN clock are more sensitive to light-dark changes; body temperature affects peripheral clocks more than the central clock in the SCN, while sleep wake rhythms have a greater impact on brain clocks. Along this line, it has been suggested that different Zeitgebers might affect different molecular pathways differentially.
In this study, we aimed at dissecting the metabolic effects of alterations in diurnal sleep-wake rhythms. We therefore analysed the influence of SR on transcriptome rhythms in different metabolic tissues: liver as the main site of energy metabolism, white adipose tissue (WAT) as the primary long-term energy storage compartment, and the mediobasal hypothalamus (MBH) housing the central homeostatic regulatory circuitry, including the
Statement of Significance
Epidemiological studies show that altered diurnal sleep patterns are associated with an increased risk for various metabolic disorders. We used an experimental model of two times 5 days of sleep restriction (SR) to study the effects of repeated sleep rhythm disruption in mice. A comparison of diurnal transcriptome rhythms across three metabolic tissues-liver, white adipose tissue, and mediobasal hypothalamus-reveals a profound disruption of circadian transcription in response to repeated SR. Furthermore, specific pathways such as apoptosis and inflammatory signalling, cilium movement, or lipid metabolism are associated with different Zeitgeber rhythms under SR conditions, suggesting specific pathways for the synchronization of diurnal metabolic functions.
SCN as the master pacemaker of the circadian clock. We used a repeated SR protocol in mice and analysed the molecular effects on the circadian network in a transcriptome-wide approach. Mice were kept awake during the first half of their normal sleeping phase (ie, the light phase) for 2 weeks, with 2 days of undisturbed sleep after 5 days. 2 Our goal was to identify the molecular effects induced by the SR schedule, in a global nonbiased approach, eg, by analysing transcriptome-wide changes in an array of different tissues. In order to differentiate the effects of different Zeitgebers on transcriptional changes, we first analysed the effects of the SR schedule on the Zeitgebers sleep, activity, body temperature, and food intake in detail. We then generated transcriptional profiles of MBH, epididymal WAT (eWAT), and liver comparing control and SR animals (after 2 weeks of SR), revealing a global disruption of transcriptome rhythms in all tissues examined. We were able to identify and dissociate the effects of different Zeitgebers on different groups of genes and we found novel pathways, which might be involved in mediating the adverse effects of ongoing sleep disruption on physiological and cognitive function.
METHODS

Animals
All animal experiments were carried out in accordance with the German Law on Animal Welfare and ethically approved by the Office for Consumer Protection and Food Safety (LAVES) of the State of Lower Saxony. Ten-to 14-week-old male C57Bl6/J mice were kept under a 12-hour light (50 lux): 12-hour dark (LD) cycle, at constant temperature (20.0 ± 0.5°C), and humidity (50-60%). Lights were switched on at 7:00 am (Zeitgeber time, ZT0). Animals were group-housed (3-6 animals per cage) and had ad libitum access to standard chow (Ssniff V1126, Soest, Germany) and water. Activity was measured on a different set of (singly housed) animals by custom-made passive infrared detectors installed on top of the cages and analysed with ClockLab software (Actimetrics, Evanston, IL). Mice were scored as inactive when they showed no activity for at least 10 seconds.
SR and Tissue
Isolation SR was applied as described previously 1, 2 (Supplementary Figure  S1A) . Briefly, mice were kept awake by gentle handling at day 8-12 and day 15-19 for the first 6 hours of the light period (ZT0-6). Animals were constantly watched and when they adopted a position suggestive of sleeping (eyes closed, no movement for more than 5 seconds) novel objects were put into the cage to induce alertness or animals were gently touched with plastic pipettes. No interventions were performed at ZT6-24 and at day 1-7, 13, and 14 to allow ad libitum sleep. Control mice (CON) were kept in separate compartments under identical conditions but without intervention. On day 19, the last day of the SR intervention, mice were sacrificed by cervical dislocation at 6-hour intervals (ZT1/7/13/17) using dim red light during the dark period. Liver, eWAT biopsies, and punches of the MBH including the SCN (MBH; Supplementary Figure S1B ) were collected and stored in RNAlater (Ambion, Darmstadt, Germany) at 4°C overnight and later at −20°C. The MBH punches were aimed at the SCN, however, due to technical reasons (eg, size of the biopsy) punches also contained surrounding tissue; we therefore use the expression "MBH punches" throughout the manuscript.
Food Intake Measurements
To determine food intake during the SR experiment, a second cohort of mice was used. Under control conditions (no intervention) food was weighed for 5 days (day 1-5) in 6-hour intervals. To determine food intake during the first week of SR, food was weighed at the beginning of day 8 and end of day 12. Values for each cage were divided by the number of animals in the cage and by the number of days to calculate the daily food intake per mouse. To determine food intake during the second week of SR, food was weighed for 5 days every 6 hours (day 15-19, ZT0/6/12/18). Values for each cage were divided by the number of animals in the cage to calculate the 6-hour food intake per mouse.
Sleep and Body Temperature Recordings
For electro-encephalographic characterization of sleep (EEG) and recording of body temperature in freely moving mice telemetry transmitters (Model F20-EET, Data Sciences International, New Brighton, NM and G2 E-Mitters, Starr Life Sciences Oakmont, PA) were implanted subcutaneously in another cohort of mice as described. 18 SR was performed after 10-14 days of recovery. EEG data were analysed using the SleepSign software package (KisseiComtec, Nagano, Japan) and sleep stages 19 were scored manually at 20-second intervals by a condition-blind researcher. Slow-wave activity in the 0.5-4 Hz range was calculated relative to baseline.
Quantitative Real-Time PCR Quantitative real-time polymerase chain reaction (qPCR) was performed as previously described. 20 Briefly, TRIzol reagent (Invitrogen, Carlsbad, CA) was used to extract total RNA from liver, eWAT, and MBH samples. TURBO DNase (Ambion, Austin, TX) was used according to instructions of manufacturer to clean sample of genomic DNA contamination. cDNA was synthesized using Superscript III (Invitrogen) with random hexamer primers according to the manufacturer's protocol. For qPCR iQ SYBR Green Supermix (Bio-Rad, Hercules, CA) and a Bio-Rad CFX96 Real-Time System were used (95°C for 3 min, 40 cycles at 94°C for 15 sec, 60°C for 15 sec and 72°C for 20 sec, 95°C 10 sec, then 95°C for 10 sec, followed by a melt curve from 65°C to 95°C at 0.5°C increments for 5 sec). Gene expression was normalized to Eef1α expression using the ΔΔCT method. 21 Of note, Eef1α mRNA levels were not rhythmic and unaffected by SR (Supplementary Figure S1C) . Primer sequences are provided upon request.
Microarray Analysis
Total RNA was extracted as described above. One sample was used for each hybridization (no pooling). Microarray experiments were performed by the Transcriptome Analysis Lab (TAL) of the University of Göttingen. cRNA was hybridized to MoGene ST1.0 gene expression arrays (Affymetrix, Santa Clara, CA) using 3 chips per condition, time point, and tissue (MBH, eWAT, and liver). 27 p-values <.05 were considered significant. To categorize gene expression profiles with unimodal (24-h) and bimodal (roughly 12-h) patterns two different algorithms were used. For testing unimodal profiles, we used the Circwave modified cosinor algorithm. Rhythms were binned into "daytime up" (ZT0-12) and "nighttime up" (ZT12-24) transcripts using the peak time of the CircWave fit. For testing bimodal profiles, grouped expression data (ZT1 with ZT13 and ZT7 with ZT19) were compared against each other using unpaired t-tests with Benjamini-Hochberg corrections. Rhythms were binned into "early day-/nighttime up" (ZT1/13 > ZT7/19; ie, "wake up" under SR conditions) or "late day-/nighttime up" (ZT1/13 < ZT7/19; ie, "sleep up" under SR conditions). Genes with stable 24-hour rhythms under both conditions and consistent peak times either during the light phase ("fasting up") or the dark phase ("feeding up") were considered as being associated with feeding. For phase distribution radar plots, CircWave-fit peak times were binned into 1-hour intervals.
RESULTS
SR Perturbs Diurnal Rhythms of Activity, Sleep, and Body Temperature, But Not of Food Intake
Wild-type mice were subjected to a repeated SR regimen 1, 2 with SR during the first 6 hours of the light phase (ZT0-6) for five consecutive days twice in 2 weeks (day 8-12 and 15-19) . A "gentle handling" approach was used to minimize stress effects. 1, 28, 29 Infrared detection and EEG recordings were used to investigate activity and sleep patterns during control conditions and the 2 weeks of SR. As expected and shown previously, SR mice were more active at ZT0-6 on days of intervention than on intervention-free days (day 1-7 and 13-14; Figure 1A and B, gray background boxes).
1,2 However, total daily activity during SR and control conditions was comparable due to a decrease in activity of SR mice during the second half of the dark phase ( Figure 1A and B and Supplementary Figure S2A) .
Sleep in SR mice showed a similar bimodal pattern as inactivity with a lower amount of sleep at ZT0-6 (50.00% ± 11.39% CON vs. 3.778% ± 2.09% SR at ZT0-3, p < .001; 67.22% ± 6.61% CON vs. 3.22% ± 2.01% SR at ZT3-6, p < .001) and an increased time spent asleep during ZT18-21 (37.22% ± 5.28% CON vs. 72.78% ± 5.45% SR, p < .01; Figure 1C Figure S2D) . Overall, it can be concluded that only the diurnal sleep rhythm, but not the amount of sleep was perturbed by SR. It was interesting that during the first week of SR a slightly lower inactivity (10.80 h ± 0.07 CON vs. 9.623 h ± 0.33 SR [wk 1] vs. 11.17 h ± 0.34 SR [wk 2], p < .05) compared to the second week was observed. This difference, however, was not seen in EEG scores ( Figure 1D ).
Similar to sleep, the body temperature rhythm of SR mice showed a bimodal pattern being high in times of increased activity (ZT0-6; 36.00°C ± 0.24 CON vs. Interestingly, food intake rhythms did not mirror those of temperature and activity. Although food intake of SR mice was slightly higher during the light phase compared to controls, the peak of food intake still occurred in the first half of the dark period ( Figure 1F ). Only during the second half of the dark phase when SR mice spent more time asleep their food intake was significantly altered compared to controls (1.10 g ± 0.12 CON vs. 0.48 ± 0.09 SR, p < .05). The daily total food intake, however, was not significantly altered during the course of the experiment (3.96 g ± 0.13 CON vs. 4.27 g ± 0.14 SR [wk 1] vs. 4.02 g ± 0.14 SR [wk 2]; Supplementary Figure S2F ). In summary, SR led to altered diurnal rhythms of activity, sleep, and body temperature, but not of food intake.
SR Dampens Rhythms of Clock Gene Expression in the MBH, Liver, and eWAT
The differentially affected rhythms of the internal timing signals activity/sleep, temperature, and food intake prompted us to investigate the effect of SR on circadian clock and clock output genes in central and peripheral tissues involved in the regulation of energy homeostasis. We sacrificed control and SR mice after 2 weeks and analysed diurnal transcriptome regulation by microarray hybridization of total RNA preparations from MBH punches, liver, and eWAT biopsies. Transcript rhythmicity was assessed by CircWave sine-cosine wave fitting to normalized expression data across the day. To validate array data, core clock gene expression profiles were re-analysed from MBH and eWAT samples during control conditions and after 2 weeks of SR by qPCR. Overall, qPCR and microarray data were highly comparable (Figure 2 and Supplementary 
C). Total inactivity (IR) and sleep (EEG) duration is unaltered during SR (D)
. Diurnal body temperature profiles become bimodal during SR episodes (E). Diurnal food intake rhythms remain rhythmic and in phase during SR (F). Black: CON, gray: SR. Gray shading indicates dark phase. *p < .05, **p < .01, ***p < .001, one-(D) or 2-way ANOVAs (C, E, F) with Bonferroni post-test (n = 6 for all panels). Figure S1 ). In the MBH, 5 out of 10 investigated core clock genes displayed significant rhythms in their expression under control conditions (Per1-3, Cry1, Rev-erbα; Figure 2A -C). These rhythms in clock gene expression were dampened after 2 weeks of SR resulting in nonrhythmic expression of all investigated clock genes (Figure 2A-C) . Notably, the two genes of the positive arm of the feedback loop Bmal1 and Clock were already nonrhythmic under control conditions (Figure 2A ). Likewise, in eWAT, SR resulted in a loss of rhythmicity in clock gene expression (Figure 2A-C) . While all investigated clock genes displayed rhythmic gene expression in eWAT under control conditions, none of the clock genes were rhythmic after 2 weeks of SR. In liver, SR also resulted in dampened rhythms of clock gene expression ( Figure 2C ). However, in liver three clock genes remained rhythmic under SR (Bmal1, Per2, Rev-erbα). 2 In summary, SR lead to overall dampened oscillations of clock gene expression in all three tissues indicating a substantial disruption of molecular clock regulation in all investigated tissues.
SR Disrupts Transcriptome Rhythmicity in the MBH, Liver, and eWAT
The strong effects of SR on local clock gene expression rhythms in MBH, liver and eWAT suggested strong effects on the rhythmic transcriptome regulation in these tissues. In control animals, the number of significantly rhythmic transcripts was highest in the MBH compared to liver and eWAT (5, 546 vs. 3,953 in liver and 1,091 in eWAT; Figure 2D ). Interestingly, SR also had the strongest impact on rhythmic gene expression in this tissue. While SR reduced the number of rhythmic transcripts by 18% and 40% in liver and eWAT, respectively, numbers of rhythmic transcripts were 77% lower in the MBH of SR mice (MBH: 1,258; liver: 3,224; eWAT: 657; Figure 2D ).
SR affected not only the overall number, but also the phasing of rhythmic transcripts. Under control conditions, the distribution of rhythmic gene expression in MBH showed a bimodal pattern peaking in the second half of the light and the dark phase ( Figure 2E ). This bimodality was lost in SR mice. Conversely in liver, while gene expression peaks of control animals were evenly distributed over the day, they showed a bimodal distribution pattern in SR mice with maxima during the light-dark and dark-light transitions ( Figure 2F ). In eWAT, the bimodal pattern of gene expression peaks in control mice persisted in SR mice ( Figure 2G) . Most of the genes peaked in the middle of the light or dark phase in control mice, but peak distribution was shifted by around 6 hours compared to liver.
In summary, SR drastically reduced the number of rhythmic transcripts and altered rhythmic gene phase distribution in MBH, liver, and eWAT. Nevertheless, the persistence of rhythmic transcripts, in particular in liver and eWAT, under SR conditions in spite of disrupted clock gene rhythms suggested a strong influence of rhythmic systemic signals (like sleep or food intake patterns) on gene expression.
Differential Association of the Zeitgebers Light, Sleep, and Food With Tissue Gene Expression Rhythms Under SR Conditions
Local clock gene, sleep/temperature, and food intake rhythms dissociated under SR conditions. This allowed us to divide genes into those associated with local clock genes, sleep/temperature, or food intake according to the regulation of their expression rhythms under SR conditions. In all three groups, diurnal expression rhythms were unimodal under control conditions ( Figure 3) . Clock-associated genes were rhythmic under control conditions peaking either during daytime or nighttime and became nonrhythmic under SR conditions. Sleep/temperature-associated genes developed a bimodal expression pattern during SR with high expression either during sleep/low temperature or wake/high temperature periods. Food intake-associated genes instead kept their unimodal diurnal expression profile and subgrouped into upregulated during fasting or feeding.
Genes grouped as clock-associated genes were the largest group in all three investigated tissues ( Figure 3 and Supplementary Figure  S3) 
Rhythmic Genes Involved Into Telomere Maintenance Become Nonrhythmic in SR Mice
Because SR strongly affected the expression of clock-associated genes, we determined enriched gene ontology pathways in this group (Figure 4) . Since it is known that clock-controlled genes are highly tissue-specific, it was not surprising that the number of clock-associated genes shared between all three investigated tissues was very small ( Figure 4A) . 30, 31 Nevertheless, this group of 12 genes (Cd53, Zfp781, Per1, Per3, Cry2, Hlf, Klf13, Vstm4, Zfp558, Phf6, Lrrc40, and one nonannotated probe set) contained 3 core clock genes (Per1/3, Cry2-compare also Figure 2A) . Furthermore, also the number of clock-associated genes shared between two of the three tissues was relatively low, indicating high tissue-specificity. Phasing of clock-associated genes differed between tissues ( Figure 4B ). While most of the transcripts in MBH and liver showed a bimodal phasing with peaks during the second half of the light and dark phases, most of the eWAT clock-associated genes peaked during the night.
In addition to the apparent loss of rhythmicity of some genes, the overall amplitude of those genes that remained rhythmic was lower, suggesting a general dampening effect of SR. In all three tissues, MBH, liver, and eWAT, the amplitude of clock-associated genes was higher in control compared to SR mice (amplitude ratio in MBH 1.33 ± 0.02, liver 1.09 ± 0.00, eWAT 1.26 ± 0.02; Figure 4C ). This could be due to dampened oscillation of gene expression or a higher interindividual variability between animals.
To investigate the effects of SR on clock-associated genes in more detail, we tested which biological pathways were enriched in the group of clock-associated genes. In the MBH, many enriched pathways were involved in nucleic acid processing ( Figure 4D ). In particular, 18 of a total of 38 genes associated with telomere maintenance were clock-associated in this tissue ( Figure 4D and E). In controls, most of these genes-except for Hspa1a-were lowest expressed during the dark phase indicating lower telomere stability during nighttime under control conditions that is altered by SR ( Figure 4E) .
As shown previously, pathways involved in metabolic processes were enriched in the group of clock-associated genes in liver ( Figure 4D) . 2 In eWAT, numbers of clock-associated were generally lower, and pathways were only significantly enriched before multiple-testing corrections. One of the pathways with significant p value before multiple-testing corrections was proinflammatory tumor necrosis factor (TNF)-mediated signalling (p = .0005, adj. p = .1029; Figure 4D and F). Most of the identified clock-associated genes involved in this pathway inhibit inflammation and reached their nadir of expression during the dark phase, except for adiponectin, the expression of which peaked in the dark phase ( Figure 4F ).
Food Intake-Associated Genes in the MBH Are Involved in Cilium Movement
Similarly, sleep-and food intake-associated genes showed a high tissue-specificity. None of the sleep-associated genes in eWAT were also identified as sleep-associated in liver or MBH (Supplementary Figure S3) . Of the food intake-associated genes only two were shared between MBH and liver or liver and eWAT ( Figure 5A ). No food intake-associated genes were shared between MBH and eWAT.
The influence of SR on the phasing of stably rhythmic, food intake-associated genes differed between tissues. While in liver and eWAT, the phase distributions were not changed significantly between control and SR mice, most of the food intake-associated genes in MBH of SR mice underwent a phase advance of 10.3 ± 1.1 hours on average (p < .001; Figure 5B) . Conversely, the amplitude of food intake-associated genes in MBH and eWAT did not differ between control and SR ( Figure 5C ). However, in liver SR led in general to a dampened amplitude of food intake-associated genes (p < .001).
Interestingly-and even more than genes associated with nervous system development-the most enriched pathway for food intake rhythm-associated genes in the MBH was cilium movement ( Figure 5D ). Although the rhythmic genes of cilium movement stayed rhythmic in SR mice, their peak phasing shifted from the light-dark transition in controls to middle of the dark phase in SR animals ( Figure 5E ).
Expectedly, in liver many of the food intake-associated genes were associated with cellular lipid metabolic processes ( Figure 5D and F). Stably rhythmic genes have anabolic and catabolic functions in lipolysis, β-oxidation, and lipogenesis ( Figure 5F ). In controls, the food intake-associated genes with catabolic functions did not show a uniform phasing while the genes with anabolic functions reached their nadir at the lightdark transition. The nadir of anabolic food intake-associated genes was much less pronounced in SR mice, however, indicating a loss of inhibition of the anabolic processes by sleep rhythm disruption. In summary, although food intake-associated genes stayed rhythmic under SR conditions, their gene expression was often shifted by SR.
DISCUSSION
In this study, we used a SR model to investigate the effects of repeated sleep rhythm disruption on metabolic regulation in mice. Mice were kept awake during the first half of the light phase, their normal sleeping phase, for two periods of five consecutive days with two intervention-free days in-between. SR mice showed altered behavioral rhythms, including activity, sleep, and body temperature. Interestingly, while SR mice developed a bimodal sleep rhythm their total amount of sleep and percentages of the different sleep stages were unchanged. Such alterations in diurnal sleep patterns resemble those observed in human nightshift workers. However, most studies of nightshift work show a decrease in total sleep duration, 32, 33 lower sleep efficiency, less stage 2 and REM sleep, and increased numbers of arousals. 34, 35 These differences between human studies and our study could be due to social pressure in humans to be active during the day. 36 Additionally, human night shift workers are exposed to light during the normal dark phase. Therefore, they have to sleep during the light phase, which has an arousing effect in humans and further promotes sleep disturbances. 37, 38 Our SR paradigm primarily results in an altered timing of sleep and a fragmentation of the diurnal sleep pattern into two ultradian bouts. Of note, mistimed sleep has been induced in humans using a forced desynchrony protocol, but this results in a phase-shift of a diurnal sleep rhythm relative to that of melatonin, which also results in profound alterations of transcriptome rhythms. 39 In conclusion, our study shows that an altered sleep rhythm in mice is not sufficient to induce sleep reduction and altered sleep architecture regarding percentage of sleep stages as observed in human shift work. Notably, the diurnal rhythm of food intake was not strongly influenced by SR. Although this rhythm was potentially phase-advanced in SR mice, main food intake occurred still during early night and total food intake was unaffected. We cannot exclude, however, that due to lower sampling frequency compared to other parameters, we might have missed more subtle differences in food intake rhythmicity. Night shift work in humans is often associated with an increased food intake during the night and a preference for calorie-dense food. [40] [41] [42] [43] It is suggested that timing of food intake of shift workers is determined more by the opportunity to eat and food availability than by hunger. 40 The mice in our study, in contrast, had ad libitum access to food. Therefore, altered activity and sleeping rhythms are not sufficient to induce an altered diurnal food intake rhythm. However, we still observe some increase in food intake during the light relatively to the dark phase under SR compared to control conditions. In a previous study using the same SR paradigm, we reported a significant increase of light phase feeding, which resulted in an apparent disruption of diurnal feeding rhythms in SR mice. Still, in this study, the main food intake occurred during the night. Moreover, food intake was measured twice daily, but not every 6 hours like in the current study. 2 Interestingly, nighttime restricted feeding is capable of rescuing clock gene expression rhythms in the liver in SR mice. 2 Thus, vice versa, the moderate increase in food intake during the light phase observed during SR may still influence clock gene expression in this tissue, though-because of its strong residual rhythmicity-it is unlikely to alone abort hepatic clock gene rhythms.
Light, activity, body temperature, and food act as Zeitgebers for central and peripheral clocks and the sensitivity to these signals differs between tissues. 4, [13] [14] [15] [16] Since Zeitgeber rhythms were differentially affected by SR, we were interested in the SR effects on different local clocks. An overall loss of rhythmicity in core clock gene expression was observed in MBH, liver, and eWAT. For MBH, this was not due to a loss of rhythmicity in the SCN, the central pacemaker, since it was shown previously that overall diurnal rhythmicity and peak phasing of the clock genes in the SCN is maintained under SR. 2 In turn, our MBH samples likely contain mainly non-SCN ventrohypothalamic tissue, and our data, thus, represent general MBH rather than SCN conditions. Furthermore, SR reduced the number of rhythmic transcripts in all three tissues. However, despite disruption of molecular clocks in the tissues, some genes remained rhythmic, in particular in the liver. This indicates a tissue clock-independent external influence on gene expression, eg, through rhythmic behavior-driven factors or hormones (eg, sleep-wake cycle, food intake, corticosterone). It has previously been shown that sleep disruption affects gene expression rhythms in different central and peripheral tissues in rodents and humans, 39, [44] [45] [46] [47] thus linking sleep regulation and circadian rhythm organisation. Interestingly, several genes gained rhythmicity under SR conditions, which may be due to a masking effect of behavior on the rhythmic expression of these genes. It would be interesting to further investigate these genes in future studies. Besides dampening rhythmicity in general, SR also influenced the phasing of rhythmic transcripts. Interestingly, rhythmic transcripts in liver and eWAT of SR mice showed a bimodal expression peak distribution but with a phase difference of 6 hours between liver and eWAT. These data indicate that different Zeitgebers may affect gene expression in a tissue-specific manner, eg, by targeting different signalling pathways. To further evaluate this connection, we analysed which transcript profiles followed sleep, food intake, and clock gene expression rhythms in the different tissues.
We grouped genes according to whether their expression pattern followed clock, sleep, or food intake rhythms. Genes identified as clock-associated genes were rhythmic in controls but nonrhythmic in SR mice. The largest number of clock-associated genes was found in the MBH. This is not surprising since punches of the MBH contain nuclei of strong circadian rhythmicity such as the arcuate nucleus, the ventromedial nucleus of the hypothalamus, and the SCN. Interestingly, one of the pathways enriched in clock-associated genes of the MBH was telomere maintenance. Telomeres are nucleoprotein structures that protect the ends of chromosomes to maintain genomic integrity by building repetitive nucleotide sequences of TTAGGG at the termini of chromosomes. 48, 49 Telomeres naturally shorten with each replication and shortened telomeres are associated with aging. [50] [51] [52] [53] Furthermore, short telomeres are associated with metabolic diseases such as obesity, insulin resistance, and type-2 diabetes. [54] [55] [56] [57] [58] Telomeres are protected by the shelterin complex and shortening of telomeres is compensated by the enzyme telomerase which lengthens telomeres. 59, 60 The activity of telomerase shows a circadian rhythmicity that is BMAL1-CLOCK-regulated. 61 Additionally, the rhythm of telomerase activity in humans dampens after night shift work and telomere shortening has been associated in humans with sleep loss and sleep disturbances. [61] [62] [63] Although little is known about the role of telomerase in the brain it was shown that TERT, the catalytic subunit of telomerase, protects mitochondrial function in the brain and its expression is upregulated after brain injury. 64 Therefore, circadian disruption of telomere maintenance in night shift workers could interfere with brain function and induce neuronal senescence.
In eWAT, we found no enriched pathways after corrections for multiple testing. But a pathway significantly enriched in clock-associated genes before multiple-testing corrections was the TNF-mediated inflammatory signalling pathway in eWAT. TNF promotes the inflammatory response and activates the proinflammatory and proapoptotic MAPK-, JNK-, and NFκB-pathways. 65, 66 In obese subjects, TNFα mRNA and protein is upregulated in adipose tissue and obesity is associated with a chronic low-level inflammation. [67] [68] [69] Furthermore, TNFα induces insulin resistance in adipocytes. 70, 71 Circadian rhythm disruption is associated with the development of obesity, insulin resistance, an elevated inflammatory tone [72] [73] [74] [75] [76] [77] and a role for TNFα signalling in this context has been suggested. [78] [79] [80] [81] Of note, mice in this study (as is common practice in most mouse housing facilities) were kept at 20°C, which is below their thermoneutral temperature which might have affected expression profiles in WAT. Given that all experimental groups were housed under the same conditions, we believe that these potential effects should be similar between all groups and, thus, should not have affected our overall conclusion.
Genes that maintained rhythmicity and kept a unimodal expression distribution under SR conditions were grouped as food intake-associated genes. However, despite food intake still occurred mainly during the dark phase food intake-associated genes showed a phase shift of expression in the MBH. Therefore, the expression of food intake-associated genes was also affected by SR. One of the pathways enriched in food intake-associated genes in the MBH was cilium movement. Cilia are divided into (i) nonmotile (primary), and (ii) motile (secondary) cilia. Nonmotile cilia are found on all cells in the brain, including neural progenitors, neurons, and astrocytes whereas motile cilia are restricted to ependymal cells at ventricles and the choroid plexus. Motile cilia in the brain are involved in the circulation of cerebrospinal fluid (CSF). 82 It has been shown that stimulation of melanin concentrating hormone (MCH) receptor (MCHR1)-expressing neurons increases the cilia beat frequency of ependymal cells at the third ventricle in vitro. This suggests a possible fine-tuning mechanism of CSF circulation by cilia via metabolic, neurohormonal, and neuroimmune stimuli. 83 Furthermore, CSF flux is important for the removal of metabolic waste products in the CNS and shows a diurnal rhythmicity upregulated during sleep. 84, 85 Interestingly, it was recently shown that pattern of coordinated cilia beating leads to complex CSF movements in the third ventricle in mice, rats, and pigs which differ between late dark and late light phase. 86 A time shift in cilia movement, as suggested by our data, could have pronounced effects on circadian signalling in the entire brain.
The highest percentage (17%) of food intake-associated genes was found in liver. It has been shown previously that food intake exerts a stronger influence on rhythmic gene expression in liver than in other peripheral tissues, such as heart and skeletal muscle. 15, 87 Given the liver's importance for fatty acid metabolism, it is not surprising that the cellular lipid metabolic process is one of the enriched pathways of the food intake-associated genes in the liver. 88 Furthermore, it was shown that a large fraction of the lipids in the liver oscillates even in clock-disrupted mice and these oscillations are influenced by feeding rhythms. 89, 90 Although food intake-associated genes of the cellular lipid metabolic process remained rhythmic under SR, the nadir of anabolic food intake-associated genes at the light-dark transition was much less pronounced in SR mice. Therefore, anabolic processes are potentially less suppressed in SR mice in the beginning of the active phase when food intake is highest. In conclusion, SR could lead to an impaired temporal regulation of catabolic and anabolic lipid metabolism in the liver.
In addition to the prevention of sleep in the inactive phase, night shift work induces enforced activity during the inactive phase and sleeping in the early daytime, which was not observed in our study. In addition, the rhythm of light exposure was different between our study and the situation in night shift workers: while night shift work induces altered rhythms of light exposure (artificial and sunlight), the LD cycle was unchanged in our study, while the altered sleeping time in SR mice induced a change in retinal light exposure by eye closure which has to be considered while interpreting the results. Our study does, thus, only partly mimic the conditions of night shift work in humans. Furthermore, in our study, SR was limited to 2 weeks. Nevertheless, this short intervention interval was sufficient to induce major changes in clock gene expression and transcriptome rhythmicity in several tissues, suggesting that short exposures to SR might have striking effects on physiology. In addition, it is possible that some of the effects we saw were due to acute sleep deprivation on the day of sample preparation, in particular for animals that were sacrificed during the SR intervention itself (ZT1). This would suggest that even very short periods of SR could have profound effects on transcriptional regulation. Similarly, late-SR adaptations in EEG spectra 91 or changes in other clock-regulating parameters such as autonomic activity or hormonal levels-which we did not specifically analyse in this study-may further affect gene expression rhythms. In the same way, they might have been influenced by slight shifts in the feeding profile and thus be an acute masking effect. In this context, it would be interesting to test interventions of different length and also test after recovery (eg, 1 day of acute SR vs. 2 weeks of SR vs. 2 weeks of SR and recovery). In a similar study, we could show that even 1 week of SR can lead to transcriptional changes in WAT that last as long as 1 week after the end of the intervention, suggesting that at least some of the effects were not acute masking effects. 1 In summary, this study shows that behavioral and molecular diurnal rhythms are profoundly altered in response to SR in the early inactive phase in mice. This allowed us to identify clock-, sleep-, and food intake-associated genes. SR disrupts essential signalling pathways in MBH, liver and eWAT. These pathways represent therapeutic targets for counteracting the adverse physiological consequences of repeated sleep rhythm disruption as observed, eg, in human shift workers.
